An attractive characteristic of self-assembled molecular materials is the possibility of tuning their arrangement upon activation by external stimuli.^[@ref1],[@ref2]^ DNA has emerged as a versatile building block for the construction of well-defined nanostructures^[@ref3],[@ref4]^ as well as diverse dynamic supramolecular systems such as hydrogels^[@ref5]−[@ref7]^ or nanoparticle arrangements^[@ref8]−[@ref10]^ whose assembly can be externally regulated in a reversible fashion. Many of these DNA-based tunable supramolecular nanostructures are based on altering base pairs bonding, thus temperature is used as an effective stimulus to reversibly control their assembly through thermal DNA denaturation.^[@ref11]−[@ref13]^ Cations and pH have been also widely used to control DNA-assemblies through the reversible formation of G-quadruplexes or i-motifs.^[@ref14],[@ref15]^ The attachment of light responsive azobenzene moieties into the DNA backbone has resulted in an effective strategy to influence base-pairing interactions and hence to guide supramolecular arrangement through light.^[@ref16],[@ref17]^ In most of these systems, the reversible assembly is achieved using a single independent stimulus. Designing dynamic assemblies simultaneously sensitive to several stimuli is challenging but desirable as this multi-triggered response can introduce new opportunities for smart nanostructures fabrication.^[@ref18],[@ref19]^ In this Letter, we present a new approach to create multiresponsive and reversible assembled molecular systems based on large unilamellar lipid vesicles (LUVs) whose assembly is controlled by an anchored oligonucleotide (ON) that simultaneously responds to light, Mg^2+^ concentration, and temperature. LUVs assembly by anchored DNA has been traditionally achieved following two main strategies. One involves the modification of DNA strands with hydrophobic moieties at both ends so that initially they are doubly anchored to the same liposome but once hybridized with the complementary strands they become stiffer and hence are able to tether different LUVs.^[@ref9],[@ref20]−[@ref22]^ The other strategy consists of anchoring to liposomes DNA strands modified with a single hydrophobic moiety in one end and then mixing them with other liposomes bearing complementary strands, which results in LUVs assembly.^[@ref13],[@ref23],[@ref24]^ Our novel approach involves the anchoring of a single type of ON that produces LUVs assembly due to the hybridization of a self-complementary fragment. Importantly our triple stimuli-triggered and reversible strategy is unprecedented to achieve control over the assembly of liposomes.

Assembly studies were done with LUVs of 200 nm in diameter prepared with 2-oleoyl-1-palmitoyl-*sn*-glycero-3-phosphocholine (POPC) lipids^[@ref25]^ in a solution containing 20 mM MgCl~2~ buffered at pH = 8 with 1× TE. An oligonucleotide (ON~1~, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) bearing a cholesterol (Chol) modification at the 5′-end (Chol-ON~1~) was added to the solution of POPC LUVs (1 mM) to a final concentration of 2 μM. Chol is a hydrophobic residue that has been previously used to anchor ONs to liposomes.^[@ref26]−[@ref29]^ Upon addition of Chol-ON~1~, there was a significant increase in the turbidity of the suspension caused by LUVs aggregation. This process was followed in time by measuring the evolution of the absorbance at 650 nm (optical density, OD650)^[@ref30]^ after addition of 2 μM of Chol-ON~1~ (red curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). On the contrary, no change in OD650 was observed if the LUVs were incubated with ON~1~ lacking of cholesterol anchor (NA-ON~1~, black curve in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The LUVs assembly is thus not produced by nonspecific adsorption of single-stranded (ss) DNA onto LUVs surface mediated by Mg^2+^.^[@ref31]^ No turbidity was observed either when LUVs were incubated with a Chol-ON bearing 31 thymines where no self-complementary base pairing can be produced ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). Therefore, we unambiguously assign the LUVs assembly to the base pair interactions produced by the self-complementary domain present in ON~1~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).^[@ref32]^ An increase in OD650 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, red data) and in particle size ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)) was observed when LUVs were incubated for 5 min with increasing concentrations of Chol-ON~1~. This indicates that the assembly process is more efficient for larger Chol-ON~1~/LUVs relative ratios due to the increasing number of ONs bound onto the vesicles surface. This increase was also observed when the Chol modification was inserted at the 3′-end of the ON~1~ ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)), which indicates that positioning the self-complementary fragment at either side of the strand enables self-hybridization and thus is effective to produce LUVs assembly. On the contrary, no change in OD650 is detected in the case of LUVs incubated with increasing concentrations of NA-ON~1~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, black data).

![Assembly of LUVs with cholesterol-modified DNA. (a) Schematic representation of Chol-ON~1~. Chol is attached at the 5′ end. The sequence of ON~1~ and the chemical structure of Chol anchor are shown. The self-complementary part of ON~1~ is marked in gray. (b) Evolution of OD650 with time for LUVs after the addition of 2 μM of Chol-ON~1~ (red) or 2 μM of the same oligonucleotide without cholesterol, NA-ON~1~ (black). (c) Evolution of OD650 for LUVs with increasing concentrations of Chol-ON~1~ (red) or NA-ON~1~ (black). Concentration of LUVs in (b) and (c) was 1 mM in 20 mM Mg^2+^ (1× TE).](nl-2016-016186_0002){#fig1}

We thus engineered an ON bearing an anchor whose hydrophobicity could be tuned by light in order to influence its ability to insert into the liposomes and hence to control the aggregation process. Specifically, we synthesized an ON bearing a 5′-C~12~ aliphatic chain with an azobenzene (AZO) residue at the end (AZO-ON~1~) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). We proved that AZO-ON~1~ is able to interact with lipid vesicles using fluorescent confocal microscopy by incubating POPC giant unillamelar vesicles (GUVs) with Cy3-labeled double stranded (ds) AZO-ON~1~ ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)).^[@ref33]^ AZO undergoes reversible isomerization from a trans to a cis conformation upon irradiation with UV light and from cis to trans upon irradiation with visible light ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)).^[@ref34]^ This reversible change in conformation has been previously used to control the hybridization of DNA through light irradiation.^[@ref16],[@ref17]^ Importantly, this change in conformation is accompanied by a modification in the polarity of the AZO and this variation has been reported to influence its hydrophobicity.^[@ref35]−[@ref37]^ The addition of trans AZO-ON~1~ (2 μM) to a solution of POPC-LUVs (1 mM) gave rise to an increase in the OD650 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, orange curve) unlike the addition of cis AZO-ON~1~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, blue curve). As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, the LUVs assembly is enhanced by increasing the concentration of Chol-ON~1~. We observed a similar trend in the case of trans and cis AZO-ON~1~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, orange and blue data, respectively). However, the maximum OD650 value is reached at different DNA concentrations for Chol-ON~1~, *trans*-AZO ON~1~ and *cis*-AZO ON~1~. This indicates that the efficacy of the anchors for LUVs attachment varies in the order Chol \> *trans*-AZO \> *cis*-AZO. We also observed that the LUVs assembly is more efficient when increasing the binding strength of the self-complementary fragment present in the AZO-ON ([Figures S11 and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). Therefore, both the efficiency of the hydrophobic anchor and the strength of the self-complementary fragment influence the ability to produce LUVs assembly.

![Light reversible LUVs assembly using AZO-ON~1~. (a) Schematic representation of the AZO-ON~1~ including the chemical structure of AZO anchor in its trans (orange) and cis (blue) isomers. (b) Evolution of OD650 with time for LUVs after the addition of trans AZO-ON~1~ (orange) or cis AZO-ON~1~ (blue). (c) Evolution of OD650 for LUVs with increasing concentrations of trans AZO-ON~1~ (orange) or cis AZO-ON~1~ (blue). (d) Reversible change in the OD650 of LUVs incubated with AZO-ON~1~ triggered by light irradiation. Orange data are the OD650 values displayed by the LUVs in the presence of trans AZO-ON~1~ (after irradiation at 420 nm, orange arrows) whereas blue data show the OD650 values shown by the LUVs in the presence of *cis* AZO-ON~1~ (after irradiation at 365 nm, blue arrows). (e) Schematic representation of the reversible LUVs assembly process upon light irradiation. LUVs are shown as red circumferences. AZO-ON~1~ is represented as a green line ending with an elongated circle either orange (trans) or blue (cis). Gray circles represent Mg^2+^. (f) Images taken by confocal fluorescence microscopy showing the reversible evolution in size of the LUVs aggregates upon light irradiation. Blue arrows represent irradiation at 365 nm and the orange arrow indicates irradiation at 420 nm.](nl-2016-016186_0003){#fig2}

Then we investigated the effect that the isomerization of the AZO anchor had in the LUVs assembly. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, a decrease in the OD650 of the solution is observed when irradiating with light at 365 nm the trans AZO-ON~1~ LUVs assembled system, which indicates a light-triggered LUVs disassembly process (blue data). Interestingly, reassembly can be produced by irradiating at 420 nm, as the increase in OD650 denotes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, orange data).

This assembly disassembly process ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e) is reversible up to four cycles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The reversible aggregation was also confirmed with confocal microscopy by incubating the LUVs with AZO-ON~1~ labeled with cyto 9 (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f and [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). Large lipid aggregates were observed in the presence of the trans AZO-ON~1~ isomer (panels 1 and 3 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f) that became smaller upon irradiation with 365 nm wavelength light (panels 2 and panel 4 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f).

Next we investigated the possibility to control the LUVs assembly by modifying the concentration of Mg^2+^. LUVs (1 mM) were incubated with trans AZO-ON~1~ (2 μM) at different concentrations of Mg^2+^ from 0 to 40 mM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). OD650 values increased as the concentration of Mg^2+^ was raised. We assign this effect to the stabilization of the complementary base-pair interactions provided by Mg^2+^ which favors the self-complementary recognition of the strands coating the liposomes^[@ref38]^ as well as a decrease in the Debye length which enhances LUVs assembly. This Mg^2+^ dependence allowed for reversibly controlling the LUVs assembly by EDTA. The reversible changes are evidenced by the OD650 data displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b and the process is schematically presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c.

![Mg^2+^ driven LUVs assembly. (a) Evolution of OD650 with the concentration of Mg^2+^ present in solution for LUVs incubated with trans AZO-ON~1~. (b) Reversible change in the OD650 nm for LUVs incubated with trans AZO-ON~1~ in the presence of ∼25 mM Mg^2+^ (green data) or absence of Mg^2+^ (black data). Green and black arrows represent the addition of Mg^2+^ and EDTA respectively. (c) Schematic representation of the reversible LUVs assembly process upon variation of Mg^2+^ concentration. LUVs are shown as red circumferences. ss trans AZO-ON~1~ is represented as a green line. Gray circles represent Mg^2+^.](nl-2016-016186_0004){#fig3}

Finally we show that even ds trans AZO-ON~1~ (ss trans AZO-ON~1~ hybridized with its complementary strand) is able to induce LUVs assembly. Addition of ds trans AZO-ON~1~ (2 μM) to LUVs (1 mM) produced an increase in turbidity ([Figure S15a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). In this case, the assembly is clearly not mediated by the complementary interaction of the bases but by some other phenomena. Blunt-end attachment has been previously described to be the most likely origin of the aggregation of nanoparticles coated with ds DNA.^[@ref39]^ However, after recording the OD650 evolution with time in LUVs coated with ds trans AZO-ON~1~ with a single-base mismatch at the distal end, assembly is also observed ([Figure S15b--d](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). This indicates that the aggregation mechanism in our system is not uniquely caused by end-to end DNA stacking. We suggest that the assembly is produced by nonspecific interactions of the dsDNA coating the LUVs helped by the presence of Mg^2+^. Similar aggregation processes have been described in particles composed by poly(*N*-isopropylacrylamide) grafted with DNA.^[@ref40],[@ref41]^

In order to clarify the role of ON-coating density, we investigated the variation in OD650 and hence the ability to produce LUVs assembly produced by different concentrations of either ds or ss trans AZO-ON~1~ (gray and orange data respectively, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). It is observed that the concentration of ss trans AZO-ON~1~ required to produce the assembly is higher than in the case of ds trans AZO-ON~1~. Contrary, ds NA-ON~1~ showed no LUVs assembly in this range of concentrations ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)), which evidence the need of a hydrophobic anchor for enabling the assembly process excluding a mechanism purely controlled by electrostatics.

![Temperature-controlled LUVs assembly. (a) Evolution of OD650 for LUVs after the incubation with increasing concentrations of either ss trans AZO-ON~1~ (orange) or ds trans AZO-ON~1~ (gray). (b) Evolution of the abs 260 nm with T of LUVs incubated with ds trans AZO-ON~1~. (c) Evolution of the abs 260 nm with T of ds trans AZO-ON~1~ in the absence of LUVs. (d) Evolution of the abs 260 nm with T of LUVs incubated with ds NA-ON~1~. Note than in (b,d) abs 260 nm refers to apparent absorbance because the lack of light transmitted is the result of the scattered light produced by the presence of particles as well as of the absorption produced by the presence of DNA. Note that in (b--d) five subsequent heating cycles are shown in each graph. (e) Schematic representation of the reversible LUVs assembly process triggered by temperature. LUVs are shown as red circumferences. ss trans AZO-ON~1~ is represented as a green line and its complementary strand as a blue line. Gray circles represent Mg^2+^.](nl-2016-016186_0005){#fig4}

The assembly ability produced by ds trans AZO-ON~1~ allowed for the introduction of a temperature-controlled reversible LUVs assembly strategy. When measuring the absorbance at 260 nm (abs260) while increasing temperature in a mixture containing LUVs (1 mM) and ds trans AZO-ON~1~ (1 μM), a sharp drop is detected ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, dark black curve). This drop occurs at the melting temperature (*T*~m~) of ds trans AZO-ON~1~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, dark blue curve) and it is neither observed in LUVs incubated with ds NA-ON~1~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d, dark red curve) nor in the case of bare LUVs ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). This drop in abs260 corresponds to a decrease in the turbidity of the solution that is produced by the disassembly of the LUVs^[@ref9],[@ref13]^ when ds trans AZO-ON~1~ melts into ss trans AZO-ON~1~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Interestingly, this process is reversible as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b where up to five subsequent cycles were recorded. The reversible assembly is only produced at concentrations of ds trans AZO-ON~1~ between 0.5 and 1.5 μM ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)), range in which the OD650 values for ss or ds trans AZO-ON~1~ are different ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). This thermal-driven disassembly process was studied in three additional ds AZO-ONs of the same length as AZO-ON~1~ (31bp) ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)) as well as in other ds derivatives resulting from the partial hybridization of ss trans AZO-ON~1~ with complementary strands being 22, 14, and 11 nucleotides (NTS) long ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). In all cases, we observed that the temperature of LUVs disassembly matches with the Tm of the employed sequences ([Tables S5 and S6 and Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). We also demonstrated that AZO-ON~1~ was optimal for the detection of a single base mismatch in complementary ONs of 14 or 13 NTS in length ([Tables S7 and S8 and Figures S20 and S21](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b01618/suppl_file/nl6b01618_si_001.pdf)). Our system thus allows for the detection of a range of oligonucleotide targets with different lengths as well as single base mismatches in short ONs by employing a unique DNA probe with a single hydrophobic anchor (AZO-ON~1~). This sensing ability is highly relevant since it may enable to identify point mutations in genes for the diagnosis of inherited genetic diseases such as cystic fibrosis, sickle cell anemia, or thalassemia as well as to detect single nucleotide polymorphisms (SNP)^[@ref42]^ in an easy optically measured way. Our approach represents a simplified strategy and a versatile method respect to other previously reported oligonucleotide sensing systems based on the assembly of DNA-modified liposomes in which either the DNA-probe has to carry two hydrophobic anchors^[@ref9]^ or two DNA probes with single anchors tethering two liposomes are required.^[@ref13]^

In conclusion, we have presented a novel dynamic supramolecular system based on liposomes whose assembly can be controlled simultaneously by the action of three different stimuli (light, Mg^2+^, and temperature) due to a multiresponsive anchored DNA oligonucleotide. Our approach is unprecedented for the achievement of multicontrollable and reversible assembly of liposomes. Our system presents novel capabilities as sensor for the detection of nucleic acids and it opens up new possibilities for the creation of stimuli-responsive nanocontainers^[@ref7],[@ref43],[@ref44]^ in which different analytes such as DNA, RNA, or proteins could get trapped and released into the DNA--liposome network on demand by the action of several stimuli.
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